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Some Significant Events 
in B Physics

107

4x106

2x105

2x105

2x104

# B’s

3/4No direct prediction, but consistent 
with other measurements

sin(2β)2001
2.3x10-4(2.8±0.8) x10-4b→sγ1994

0.1No direct predictionVub/Vcb1987

20%Too small to see (~ < 1%) as mtop is 
believed to be ~30 GeV

Bo-Bo

mixing
1987

1 psToo small to be observed ~ < 0.1psτb1983
~ValueTheory PredictionItemYear

!B physics is an experimentally driven field with exciting 
discoveries, many not predicted. 
!As we will see, there is much much more physics to do.
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Physics Goals

!Discover, or help interpret, New Physics 
found elsewhere, using b & c decays

!Measure Standard Model parameters, the 
�fundamental constants�
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The Physics

!There is New Physics out there: Standard Model is violated 
by the Baryon Asymmetry of Universe & by Dark Matter

!BTeV will Investigate:
!Major Branches

"New Physics via CP phases
"New Physics via Rare Decays
"Precision determination of CKM Elements      

(small model dependence)
! Other Branches (some)

" Weak decay processes, B�s, polarization, Dalitz plots, QCD�
" Semileptonic decays including Λb
" b & c quark Production
" Structure: B baryon states
" Bc decays

>100 
thesis 
topics
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The Basics: Quark Mixing 
& the CKM Matrix

( )
( )
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!A, λ, ρ and η are in the Standard Model fundamental 
constants of nature like G, or αEM

!η multiplies i and is responsible for CP violation
!We know λ=0.22, A~0.8; constraints on ρ & η
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The 6 CKM Triangles

!From Unitarity
!�ds� - indicates 

rows or 
columns used

!There are 4 
independent 
phases: β, γ, χ, 
χ′ (α can be 
substituted for 
γ or β)

VudVus*

VcdVcs* VtdVts*

VusVub*VcsVcb*

VtsVtb*

VtbVtd*

VcbVcd*

VubVud*

ds

sb

bd

VubVcb* *VusVcs

VudVcd*

VcsVts*
VcdVtd*

VcbVtb*

VtsVus*

VtdVud* VtbVub*

uc

ct

tu

χ

χ′

γ β

α
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All of The CKM Phases









−=β *

cdcb

*
tdtb

VV
VVarg 








−=γ

cd
*
cb

ud
*
ub

VV
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−=χ

tb
*
ts

cb
*
cs

VV
VVarg 








−=χ′

cs
*
cd

us
*
ud

VV
VVarg

!The CKM matrix can be expressed in terms of 4
phases, rather than, for example λ, A, ρ, η:

!α= π−(β+γ), not independent
!α, β & γ probably large, χ small ~2o, χ′ smaller
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New Physics Tests

! We can use these CP violating or CP related 
variables to perform tests for New Physics, or to 
figure out what is the source of the new physics. 

!There are also important methods using Rare Decays, 
described later

!These tests can be either generic, where we test for 
inconsistencies in SM predictions independent of 
specific non-standard model, or model specific

!We will first look at what is already known
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Current Status

α
βγ

ρ

η sin(2β)

! Constraints on ρ & η
from Nir using Hocker et 
al. 

! Theory parameters are 
allowed to have equal 
probability within a 
restricted but arbitrary 
range

! Therefore large model 
dependence for Vub/Vcb,
εK and ∆md, smaller but 
significant for ∆ms and 
virtually none for sin(2β)
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Generic test: 
Separate Checks

ρ

η

0 1

1
λ

Vub
Vcb

Vtd
Vts

1
λ

ρ

η

0 1

∆ md
∆ ms

(  
20

)%

+ (  5)%
+

ρ 
 ν

B
!

ρ

η

0 1
β

α

ψBο K

ρπBο

ρ0 1
γ χ

B s
D

  KS+
+

ψηBs

s

! Use different 
sets of 
measurements 
to define apex 
of triangle  

(ala’ Peskin)

! Also have εK
(CP in KL
system)

Magnitudes

Bd mixing phase

Bs mixing phase

Can also measure γ via 
B-→DoK-
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Generic Test: Critical 
Check using χ

! Silva & Wolfenstein (hep-ph/9610208), (Aleksan, Kayser & 
London), propose a test of the SM, that can reveal new physics; 
it relies on measuring the angle χ.
!BTeV can use CP eigenstates to measure χ, for example 

Bs→J/ψη(′) , η→γγ, η′→ργ  
!Can also use J/ψφ, but need complicated angular analysis
!The critical check is:

!Very sensitive since λ =0.2205±0.0018
!Since χ ~ 2o, need lots of data 

2 sin sinsin
sin( + )

β γ
λ

β
χ

γ
=
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Rare b Decays

!New fermion like 
objects in addition to t, c 
or u, or new Gauge-like 
objects
!Inclusive Rare Decays 
such as inclusive b→sγ, 
b→dγ, b→s!+!−

!Exclusive Rare Decays 
such as B→ργ, 
B→K*!+!−: Dalitz plot & 
polarization

b

W-

s,dt,c,u

γ, !+!-

!A good place to find 
new physics

SM

Ali et. al, hep-ph/9910221

SUSY
examples
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Tests for New Physics in 
Rare Decays

!Specific decays, non-specific models (example):
B→K!+!- & B→K*!+!- effects on dilepton invariant mass & 
Dalitz plot. “Especially the decay into K* yields a wealth of 
new information on the form of the new interactions since the 
Dalitz plot is sensitive to subtle interference effects”
(Greub, Ioannissian & Wyler hep-ph/9408382)

! Model Specific (example): �Precise measurements of the
dilepton invariant mass distributions in the decays B→(s, K*, 
K)!+!−, in particular in the lower dilepton mass region, and the 
forward-backward asymmetry in the decays B→(s, K*)!+!−
will greatly help in discriminating among the SM and various
supersymmetric theories.� (Ali, Lunghi, Greub & Hiller, hep-ph/0112300)
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Tests in Specific Models:
First Supersymmetry 

!Supersymmetry: In general 80 constants & 43 phases
!MSSM: 2 phases (Nir, hep-ph/9911321)

!NP in Bo mixing: θD , Bo decay: θA, Do mixing: φKπ

~sin(φKπ)

sin2(β+θD+θA)

sin2(β+θD)

New Physics

sin(2β)CP asymBo→J/ψKs

0CP asymDo→K-π+

sin(2β)CP asymBo→φKs

SMQuantityProcess

NP

Difference
⇒ NP
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Some SUSY Predictions 
(Nir)

!Note specific pattern in each model ⇒ways of 
distinguishing among models

O(10-3)0 -β ~10-1Approx. CP

000!10-6SM

O(10-2)O(1)O(1)~10-1Heavy squarks

O(1)O(1)O(0.2)"10-3Alignment

0O(1)O(0.2)"10-2Approx. 
Universality

asyD→KπθAθDdN/10-25Model
neutron
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MSSM Measurements from 
Hinchcliff & Kersting 

(hep-ph/0003090)

b

s tt

W+
b

sb

s t,c,u t,c,uW-
b

s
x

x
~ ~

~

W-~

H +~
2

!Contributions to Bs mixing
b

W-

c 

}

ψ

s

}
s

c  J

s η

Bs→J/ψη

CP asymmetry ≈ 0.1sinφµcosφΑsin(∆mst), ~10 x SM
!Contributions to direct CP violating decay 

Asym=(MW/msquark)2sin(φµ), ~0 in SM

B-→φK- b

W-

g

u, c, t

s
s
}
}u

u

φ
-

s

K

b

-

g s
s
}
}u

u

φ
-

s

K

u, c, t~ ~ ~

χ~
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Extra Dimensions
! Chakraverty, Huitu & Kundu, �Effects of Universal Extra Dimensions on Bo

Mixing (hep-ph/0212047)

! Kubo & Terao, �Suppressing FCNC and CP-Violating Phases with Extra 
Dimensions� (hep-ph/0211180)

! Huber, �Flavor Physics and Warped Extra Dimensions� (hep-ph/0211056)

! Barenboim, Botella, & Vives, �Constraining models with vector-like fermions 
from FCNC in K and B physics� {CPV in J/ψKs & B(b→s!+!-)} (hep-ph/0105306)

! Aranda & Lorenzo Diaz-Cruz, �Flavor Symmetries in Extra Dimensions�
(hep-ph/0207059)

! Chang, Keung & Mohapatra, �Models for Geometric CP Violation with Extra 
Dimensions� (hep-ph/0105177)

! Agashe, Deshpande & Wu, �Universal Extra Dimensions & b→sγ�(hep-ph/0105084)
! Branco, Gouvea & Rebelo, �Split Fermions in Extra Dimensions & CPV�

(hep-ph/0012289)
! Papavassiliou & Santamaria, �Extra Dimensions at the one loop level: Z→bb and 

B-B mixing� (hep-ph/0008151)
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Extra Dimensions � only 
one

!Extra spatial dimension is compactified at scale 
1/R = 250 GeV on up

!Contributions from Kaluza-Klein modes- Buras, 
Sprnger & Weiler (hep-ph/0212143) using model of
Appelquist, Cheng and Dobrescu (ACD) 

!No effect on |Vub/Vcb|, ∆Md/∆Ms , sin(2β)
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One Extra Dimension
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!Precision 
measurements 
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SO(10)
ala� Chang, Masiero & Murayama hep-ph/0205111

!Large mixing between ντ and νµ (from 
atmospheric ν oscillations) can lead to large 
mixing between bR and sR. 

!This does not violate any known 
measurements

!Leads to large CPV in Bs mixing, deviations 
from sin(2β) in Bo→φ Ks and changes in the 
phase γ

~ ~
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Other Models

!2 Higgs & Multi-Higgs Doublet Models- large 
effects in εK, CP in Do→K-π+; few % effects in Bo (Nir); 
CP violation in b→sγ, 1-10% >> SM (Wolfenstein & Wu)

!Left-Right Symmetric Model- “contributions 
compete with or even dominate over SM contributions to 
Bd and Bs mixing. This means that CP asymmetries into 
CP eigenstates could be substantially different from the 
SM prediction” (Nir)

!Extra Down Singlet Quarks- “dramatic deviations 
from SM predictions for CP asymmetries in B decays are 
not unlikely” (Nir)
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Other Models II

!FCNC Couplings of the Z boson-
!“Both the sign and magnitude of the decay leptons in 

B→K*!+!-, carry sensitive information on new physics. 
Potential effects are on the order of 10%, compared to a 
entirely negligible SM asymmetry of ~10-3” (Buchalla, Hiller & 
Isidori hep-ph/0006163)

!�These models can explain a low values of sin(2β); furthermore 
they predict x20 enhancement of b→d!+!- (B→π!+!-)�
(Barenboim, Botella & Vives hep-ph/0012197)

!Noncommutative Geometry- “If the geometry of space-
time is noncommutative i.e. [xµ,xν]=iθµυ, then CP violating effects 
may be manifest at low energy. For a scale ≤ 2 TeV there are 
comparable effects to the SM” (Hinchliffe & Kersting  hep-ph/0104137)
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Other Models III

!4th Generation- B mixing, (Huo hep-ph/0006110)
!MSSM without new flavor structure-

!Ali & London (hep-ph/9907243) propose:

!CP violation in b→sγ up to 5% 
(A. Bartl et. al, hep-ph/0103324)

( )
( )

{ }

( )

R2

R2

R2

2 2 2
2 6F K K W

K K c ct 3 c t cc2
K

2 4
tt

d d

s

t H

t

t t

H

t H

s

2

M M (SM) 1+

M M (SM) 1+

G f M M � � �B (A ) y f (y , y )
6 2 M

�

f m ,m ,m , tan

f m ,m ,m , tan

f m ,m ,m , tay f (y ) 1+ A (1n )

[

]

± ±

± ±

± ±

χ

χ

χ

 ∆ = ∆  
 ∆ = ∆  

ε = λ η η − η
π ∆



β

+ η λ

β

 β − ρ

"

"

"

0.8 > f > 0.2
So large effects in B 
mixing and εK. Will 
reflect in an in-
consistency between 
α, β & γ and CKM
determinations of
(η,ρ) using mixing,
Vub/Vcb, and/or εK
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Possible Size of New 
Physics Effects

MSSM
 MFV

MSSM
 MFV

low tan large tan

supersoft

effective SUSYβ β

new physics in B data

SUSY breaking
dirac gauginos

ED w. SM on

little Higgs w.

SM like B physics

generic Little Higgs 

generic ED w. SM in bulk 

SUSY GUTs 

brane 

MFV UV fix 

!From Hiller hep-ph/0207121
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Summary of New Physics

!We are sensitive using b and c decays in loop diagrams to 
mass scales ~few TeV depending on couplings (model 
dependent). The New Physics effects in these loops may 
be the only way to distinguish among models.

!Masiero & Vives: “the relevance of SUSY searches in rare 
processes is not confined to the usually quoted possibility that
indirect searches can arrive ‘first’ in signaling the presence of 
SUSY. Even after the possible direct observation of SUSY particles, 
the importance of FCNC & CPV in testing SUSY remains of utmost 
relevance. They are & will be complementary to the Tevatron & 
LHC establishing low energy supersymmetry as the response to the 
electroweak breaking puzzle” (hep-ph/0104027)
We agree, except we would replace �SUSY� with �New Physics�
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Connections

CP & Rare
b & c decays

LHC
New Particles

ν
Mixing

new physics,
found 1st in
either place;
specified in both

new models
of GUTS &
flavor

b & c physics
Other

> 100 papers
giving examples

SO(10) etc;
Flavor Symmetries
in Extra Dimensions

Rare K
Decays
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Connection with 
K+→π+νν

Babar/Belle

CKM

CDF/D0

BTeV!Nice check that 
KM model is 
flavor 
independent
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Summary of Required Model 
Independent Measurements for 

CKM tests
Physics 
Quantity 

        Decay Mode Vertex 
Trigger 

K/π  
sep 

γ det Decay 
time σ 

sin(2α) Bo→ρ π→π+π−πο      #  #    #  
cos(2α) Bo→ρ π→π+π−πο      #  #    #  
sin(γ) Bs→Ds K−       #  #     # 
sin(γ) Bo→Do K−       #  #   
sin(2χ) Bs→J/ψ η′,  J/ψ η         #    #    # 
sin(2β) Bo→J/ψ Ks      
cos(2β) Bo→J/ψ Ko, Ko→π!ν      #   

xs Bs→Ds π−       #  #        # 
∆Γ for Bs Bs→J/ψ η′, K+ K−

,  Ds π−      #  #    #    # 
 
 There are other modes useful for measuring these physics quantities
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Why do b & c decay physics at 
the Fermilab Tevatron?

!Large samples of b quarks are available, with 
the Main Injector, the collider will produce 
~4x1011 b hadrons per 107 sec at 
L = 2x1032 cm-2s-1.

!e+e- machines operating at the Y(4S) at L of 
1034 would produce 2x108 B�s per 107 s.

!Bs & Λb and other b-flavored hadrons are 
accessible for study at the Tevatron.

!Charm rates are ~10x larger than b rates
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Characteristics of
hadronic b production

b production angle

b production peaks at large 
angles with large bb correlation

b production angle 

βγ

η = -ln(tan   )θ 
2

The higher momentum 
b�s are at larger η�s
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The BTeV Detector

beam
line
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Physics Simulations 
Tools

Full GEANT has multiple scattering, bremsstrahlung, pair 
conversions, hadronic interactions and decays in flight; smears 
hits and refits the tracks using �Kalman Filter.� No pattern 
recognition (except for trigger). However, we do not expect large 
pattern recognition problems

3.2 mm X 4.8mm

7.2 mm X 8.0 mm

Target

From pixel testbeam run

This track density 
is 10x higher than 
what is expected in 
BTeV!
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Fundamentals: Decay 
Time Resolution

!Excellent decay time 
resolution
!Reduces background
!Allows detached vertex 

trigger
! The average decay  distance 

and the uncertainty in the 
average decay distance are 
functions of B momentum: 
<L> = γβcτΒ

= 480 µm x pB/mB

ψ from b

L/σ L/σ

direct ψ 

CDF/D0
region LHCb

region
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Detached Vertex Trigger

!Level I Trigger uses information from the 
Pixel Detector to find the primary vertex and 
then look for tracks that are detached from it

!The simulation does the pattern recognition. It 
uses hits from GEANT including multiple 
scattering, bremsstrahlung, pair conversions, 
hadronic interactions and decays in flight



36

Trigger Performance

!For a requirement of at least 2 tracks detached by 
more than  6σ, we trigger on only 1% of the beam 
crossings and achieve the following efficiencies 
for these states:

State            efficiency(%)      state        efficiency(%)
B → π+π- 63             Bo → K+π- 63
Bs → DsK             74              Bo → J/ψ Ks         50
B- → DoK- 70              Bs → J/ψK*          68
B- → Ksπ- 27              Bo → K*γ          40

< 2 > interactions per crossing
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A sample calculation: 
Bo→π+π - 

  

  

Cross-section 100 µb 
Luminosity  (<2> interactions/crossing) 2x1032 
# of Bo/Year (107 s) 1.5x1011 
B(Bo →π+π-) 0.45x10-5 
Reconstruction efficiency  0.04 
Particle I.D. efficiency 0.82 
Triggering efficiency (after all other cuts) 
L1+L2 

0.55 

# (π+π-) 12,200 
εD2 for flavor tags (K±, !±, same + opposite side jet tags) 0.1 
# of tagged π+π- 1,220 
Signal/Background  3 
Error in π+π- asymmetry (including bkgrd) ±0.033 
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Bo→π+ π- Analysis: The 
Importance of Particle ID

!Require that each π be properly identified in the 
RICH. Otherwise the measurement is probably 
impossible.

0

200

400

600

Bd→Kπ

Bs→KK

Bs→Kπ

5.10 5.20 5.30 5.40 5.50
(GeV/c2)Mππ

5.10 5.20 5.30 5.40 5.50
0

500

(GeV/c2)Mππ

All two body modes

Bd→ππBd mass Bd mass



39

EM calorimetry using 
PbWO4 Crystals

!GEANT simulation of 
Bo→K*γ, for BTeV & 
CLEO 

! Isolation & shower shape 
cuts on both

σ = 0.77%

Egenerated Ereconstructed
Egenerated

-

BTeV

σ = 1.6%

CLEO

Egenerated Ereconstructed
Egenerated

-

Generated Detected Efficiency

Radius (cm)
0 80 160 0 80 160 0 80 160

1.0

0.5

* CLEO
barrel
ε=89%
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Measuring α Using 
Bo→ρπ → π+π−πο 

!A Dalitz Plot analysis 
gives both sin(2α) and
cos(2α)  ( Snyder & Quinn)

!Measured branching 
ratios are:
B(B−→ροπ−) = ~10-5

B (Bο→ρ−π+ + ρ+π−)

= ~3x10-5

B (Bο→ροπο) <0.5x10-5   
Snyder & Quinn showed that 1000-
2000 tagged events are sufficient
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Bo→ρπ
Based 9.9x106 bkgrnd events
Bo→ρ+π- S/B = 4.1
Bo→ρoπo   S/B = 0.3

γ
γπo

bkgrnd signal

mB (GeV) mB (GeV)
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Physics Reach CKM 
in 107 s (Model Independent)

4.15,40028Bo→ρ+π-

~4oα0.37805Bo→ρoπo

11700.17B-→Do (K+π-) K-

13oγ>101,0001.1B-→Do (K+K-) K-

152,800330Bs→J/ψ η, 

0.024sin(2χ)309,800670Bs→J/ψ η′

~0.5cos(2β)2.32507Bo→J/ψ Ko, Ko → π ! ν

0.017sin(2β)10168,000445Bo→J/ψ KS J/ψ →!+ ! -

(75)xs359,0003000Bs→ Ds π-
300

B(B)   
(x10-6)

8oγ - 2χ77500Bs→ Ds K-

Error or          
(Value)

ParameterS/B# of 
Events

Reaction
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Physics Reach CKM
in 107 s (Model Dependent)

Model Dependent measures of γ, may be useful for ambiguity resolution

0.030Asymmetry314,6004.5Bo→π+π-

0.020Asymmetry�6.618,90017Bo→K+ K-

18.8

12.1

B (B)(x10-6)

Theory errors  γ2062,100Bo→ K+π-

<4o  +14,600B-→KS π-
ErrorParameterS/B#Reaction

� Can determine γ assuming d⇔s symmetry, therefore model dependent
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Physics Reach Rare 
Decays

rate: Wilson 
coefficents

0.1341405.7b→sµ+µ-

rate3.214700.4B-→K-µ+µ-

polarization 
& rate

1125301.5Bo→K*oµ+µ-

PhysicsS/BSignalB (10-6)Reaction
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Bo→K*oµ+µ- Polarization 
in Bo→K*oµ+µ-

!BTeV data compared to Burdman et al calculation

!One year for K*!+!-, enough to determine if New 
Physics is present

 [GeV)]s
0 0.5 1 1.5 2 2.5 3 3.5 4

fb
A

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

SM

Ali et. al, hep-ph/9910221
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Comparisons With 
Current e+e- B factories

!Number of flavor tagged Bo→π+ π - (B=0.45x10-5)

!Number of B-→Do Κ - (Full product B=1.7x10-7)

!Bs , Bc and Λb not done at Y(4S) e+e- machines

L (cm-2s-1)    σ #Bo/107s   ε εD2 #tagged 
e+e-    1034 1.1 nb 1.1x108 0.45 0.26         56 
BTeV 2x1032 100µb 1.5x1011 0.021 0.1     1426 

L(cm-2s-1)    σ #Bo/107s   ε       # 
e+e-    1034 1.1 nb 1.1x108 0.4           5
BTeV 2x1032 100µb 1.5x1011 0.007       176
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Reconstructed Events in New 
Physics Modes: Comparison of 

BTeV with B-factories

S/B

large

3
4
4

large
>10
>15

11
5.2

>10
>15
S/B

~50~5025302530Bo→K*µ+µ-

--1645   12650Bs→J/ψη(′)

00.76Bs→ µ+µ-

752502002000Bo→φKs

00.11Bo→µ+µ-

TaggedYieldTaggedYield

8x1058x105~108~108D*+→π+Do,  Do→Kπ+

7007001100011000B-→φK-

B-fact (500 fb-1)BTeV (107s)Mode
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Super-KEK

!KEK-B plans for L=1035 in 2007, 10 x original 
design. However  #�s in previous tables are still not 
competitive with BTeV
!From the E2 report at Snowmass: Problems for the detector 

due to higher occupancies, trigger rates, synchrotron 
radiation, increased pressure in the interaction region & 
larger backgrounds at injection. 

!Problem areas include: silicon vertex detector, CsI(Tl) EM 
calorimeter because it is slow, and Muon RPC�s that 
already have dead-time losses
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Advantages of BTeV 
with respect to LHCb

!BTeV has vertex detector in magnetic field which allows 
rejection of  high multiple scattering (low p) tracks in the 
trigger

!BTeV is designed around a pixel vertex detector which has 
much less occupancy, and allows for a detached vertex 
trigger in the first trigger level. 
! Important for accumulation of large samples of rare hadronic 

decays and charm physics.
!Allows BTeV to run with multiple interactions per crossing

!BTeV will have a much better EM calorimeter
!BTeV is planning to read out 5x as many b's/second
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Comparisons with LHCb

!LHCb recently did very extensive changes to their 
design beyond their TDR; �LHCb light�
!Changes

"Vertex detector: reduced # of silicon strip detectors 
& silicon thickness from 300 →220 µm

"reduced # of tracking stations
"allowed B field on interactions by removing magnet 

shielding plate; this puts B on RICH-1
"Added high pt only trigger, which helps on B→h+h-

"Allow multiple interactions in each crossing
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Status of LHCb Light 
Simulations

!Not enough background events run to understand 
background levels

!Efficiencies determined by making �reasonable� signal 
cuts

!Comparison (#�s from Nakada)

59005375605023.89.48.54Ds K-

590004370086000300.51.31.61Ds π-

BTeV Yield 
scaled to BR

New Yield 
Untag

Old Yield 
Untag

BR
(10-5)

Frac
New 
Eff 
(%)

Old 
Eff 
(%)

Final 
State

Why are these so different?
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Specific Comparisons 
with LHC-b (TDR)

Yields in two final states

not 
known8800.37760.5x10-5Bo→ρoπo

0.821404.154002.8x10-5Bo→ρ+π-

-->15126501.0x10-3Bs→J/ψ η(´)

S/BYieldS/BYield
BRMode BTeV LHC-b
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Conclusions

!Ed Witten at the ICFA Seminar at CERN, Oct. 
2002 said: �I cannot guess where the biggest 
surprises will be, but there are many things to 
look forward to� we expect:
!Expanding knowledge of CP violation in B decays
!Increasingly sensitive probes of rare, flavor-

violating processes�
!We are very excited about this experiment and 

are eager to get going
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